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Abstract 

We study a U{l)fj symmetric extenstion of supersymmetric standard model with supersymmetry 
breaking in the visible as well as hidden sectors. Specifically we study ^^(1)^ breaking effects 
parametrized by the gravitino mass. A special i?-charge assignment of right-handed neutrinos 
allows us to have neutrino Yukawa couplings with the i?-charged Higgs field, which develops a tiny 
vacuum expectation value after the inclusion of U{l)ii symmetry breaking. Even with 0(1) Yukawa 
couplings, a suitable size of Dirac neutrino masses can be generated if the gravitino mass is very 
small, m3/2 = 1 — 10 eV. Our flipped i?-charge assignment also allows a new type of dimension flve 
operator that can induce the proton decay. It turns out that the proton stability mildly constrains 
the allowed range of the gravitino mass: Gravitino heavier than 10 keV can evade the proton 
decay constraint as well as cosmological ones. In this case, the largest neutrino Yukawa coupling 
is comparable to the electron Yukawa. We also calculate the mass of the pseudo goldsino and its 
mixing to neutralinos, and briefly discuss its implications in cosmology and Higgs phenomenology. 
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I. INTRODUCTION 



Weak scale supersymmetry (SUSY) has been an attractive candidate for the physics be- 
hind the electroweek symmetry breaking (EWSB). SUSY breaking of order of the weak scale 
can trigger the desired electroweak symmetry breaking either at tree level or via radiative 
corrections. However, null results at LHC for SUSY particle search up to now would re- 
quire us to reconsider such picture, providing a motivation of extending the minimal SUSY 
Standard Model (MSSM). 

f/(l)/i;-symmetric extension of the SUSY standard model is an interesting starting point 
for the physics beyond the MSSM. A nice feature of U{l)fi symmetry in the matter sector 
is that it naturally explains the absence of baryon number violating operators that would 
lead to fast proton decay. See Ref. jlj for a solution to SUSY flavor problem. The gauge 
sector can be made U{1)r symmetric if each gaugino has Dirac mass, instead of the usual 
Majorana one. Such Dirac mass term can be generated from hidden sector SUSY breaking 
through a supersoft operator ^ , which induces finite soft scalar masses. Models with Dirac 
gaugino have an advantage of reducing the degree of fine tuning in the Higgs potential even 
when the colored sparticles are as heavy as multi TeV The Higgs sector can also be 
made f/(l)_R symmetric if we introduce the mirror partner, i?-partner of the MSSM Higgs 
doublets. 

The origin of the EWSB can be addressed in a f/(l)/j-symmetric manner. Ref. 0] pro- 
posecQ a natural realization of the EWSB by coupling the ?7(l)ij-symmetric Higgs sector to 
visible sector SUSY breaking, in which the supertrace sum rule is avoided by the presence 
of the hidden sector SUSY breaking. Such coupling can be used to raise the lightest Higgs 
mass. The latter point is important if Dirac gaugino mass terms are generated by the su- 
persoft operators which also suppress the tree level D-terms, as was noted in Ref. j2|. See 
also Ref. jsj and references therein. Implications in cosmology as well as Higgs search were 
also discussed in Ref. joj, in which it was pointed out that the visible SUSY breaking with 
Majorana gauginos is cosmologically disfavored. 

In the present paper, we are interested in yet another notable aspect of i?-symmetric 
extension of SUSY standard model. The U{1)r symmetry should be broken in the hidden 
sector for the cosmological constant to be canceled. If the /^-symmetry breaking is mediated 
to the visible sector in a minimal way, an i?-partner Higgs field develops a tiny vacuum 
expectation value (VEV) characterized by the gravitino mass. We will show that such a tiny 
VEV can be related to the smallness of neutrino masses. The generation of neutrino mass 
from SUSY breaking effects was studied before i,r Refs. 09. The generation of Majorana) 
neutrino mass from i?-symmetry breaking was also discussed recently in Ref. SKoj. In the 
present paper, we will relate the tiny i?-breaking VEV to Dirac neutrino masses by flipping 
the i?-charge assignment of the right-handed neutrinos. Our flipped assignment of U{1)r 
charges allows us to write a desired coupling of the right-handed neutrino to the /^-partner 
Higgs doublet; at the same time, it also allows a new type of dimension five operator that 

^ One of the motivations behind the construction in Ref. Q| was to explore the possibihty of testing the 
SUSY breaking mechanism through the Higgs sector as a portaL Here we are interested in a simple 
realization of EWSB via the visible SUSY breaking. 
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makes the proton unstable. It turns out that the constraint from the proton stabihty is 
milder than the corresponding constraints in the MSSM. Thus in our flipped f/(l)R model, 
tiny neutrino masses can be generated without spoiling so much a nice feature of U{1)r 
symmetry of ensuring proton stability. 

The present setup of ?7(l)ij- symmetric model has potentially interesting implications 
on Higgs phenomenology. Since we consider the model of visible SUSY breaking and also 
assume that Dirac gaugino masses are induced from another SUSY breaking in a hidden 



sector, there appears a physical pseudo goldstino state ( which directly couples to the 
Higgs sector. As discussed in Ref. {gI, such pseudo goldstino can affect the Higgs decay 
modes. We perform a similar analysis in our U{1)r symmetric setup and examine to some 
details the mass and the mixing of the pseudo goldstino. It turns out that although the 
pseudo goldstino can get a mass due to i?-breaking effect, its mass is quite suppressed 
compared to the gravitino mass m-^/?. This is contrasted to the 'sequestered' case in which 



is twice as large as 712^/2 Il2| . Moreover, the mixings of the pseudo goldstino to 
the MSSM Higgsinos and gauginos are highly suppressed due to the softly broken U{1)r 
symmetry. 

Another important constraint on the present model comes from cosmology; the light grav- 
itino is constrained rather severely not to disturb the successful Big-Bang Nucleosynthesis 
(BBN), the structure formation of galaxies and the cosmic microwave background (CMB) 
radiations, and not to be produced too much in the early universe. As we shall see later, 
the allowed range of the gravitino mass is given bjl^ 

rn3/2<16eV, 10keV< 7^3/2- (1) 

We will take account of these limits in the following analysis. We will also make a brief 
comment on the limit on decaying dark matter scenario from the diffused gamma-ray line 
search. 

The paper is organized as follows. In the next section, we present our model flrst in 
the i?-symmetric limit, and we then include i?-breaking effects in a minimal way that are 
parameterized by the gravitino mass. Throughout the present paper, we assume the gravitino 
mass to be much smaller than the weak scale, although we do not elucidate possible origins 
of hidden sector SUSY breaking. In section three, we show how the small VEVs of the -R- 
charged Higgses can be used to explain the smallness of the neutrino mass. We also discuss 
the constraint from the proton decay in our flipped ?7(1)_r model for neutrino mass. In 
section four, we calculate the pseudo goldstino mass and the mixings to neutralinos under 
the assumption of minimal U{1)r breaking. Speciflcally we show how the mass of the pseudo 
goldstino is suppressed compared with the gravitino in the combined model of Dirac gaugino 
and visible SUSY breaking. We then apply the results to briefly discuss implications of the 
present model on Higgs phenomenology and cosmology. The final section is devoted to our 
conclusion and discussion. We also add two appendices concerning the analysis on baryon 
and/or lepton number violating operators and a possible extension of the model in which 
the constraint from proton stability will be relaxed via U{1) flavor symmetry. 



^ See Ref. [3l and references therein. See also Sec. IIV Cl for a brief discussion. 



4 



For simplicity, we will often refer to ?7(1)_r symmetry as "i? symmetry", if no confusion 
is expected. 

II. i?-SYMMETRIC MODEL WITH VISIBLE SUSY BREAKING 

In this section, we present an extension of the MSSM, in which ?7(1)_r symmetry is realized 
by combining the model of Dirac gauginos ^ with the model of visible SUSY breaking of 
Ref. 0]. We then discuss the effects of the minimal i?-symmetry breaking induced from the 
coupling to supergravity. 

A. U{1)r Symmetric Model 

The U{1)r symmetry forbids the usual Majorana gaugino mass terms as well as the 
higgsino mass term, fiHuH^, in the MSSM. To realize U{l)ji symmetry, we extend the 
MSSM by introducing the i?-partners of the gauginos and those of the higgsinos. 

First let us briefly discuss the gauge sector. Let a = 3,2,1 parameterize each gauge 
group of SU{3)c X SU{2)l x f/(l)y. For each gauge group Ga, we introduce an adjoint 
chiral multiplet Aa which contains an _R-partner Xa of the gaugino A^. Since the gaugino Xa 
has i?-charge +1, its partner Xa has to have -R-charge —1 so that the adjoint chiral superfield 
Aa has i? = 0. Accordingly, we have a Dirac type mass term 

^Cgaugino = - ^ rriaXaXa + H.C. . (2) 
a=l,2,3 

The Dirac gaugino mass term can be generated through the "supersoft" operator j2| 

d'eV2 '' 7- " +H.C. , (3) 

where Ad is a messenger scale, is the MSSM gauge field strength, is a hidden- 
sector gauge field strength which acquires a nonzero D-term, {W^) = 6^ {D') so that = 
{D') /Ad. In the present work, we assume that a suitable size of masses are generated 
although we do not elucidate the hidden sector dynamics. 

Next, we turn to the Higgs sector. Following the Ref. we consider the superpotential 
WHiggs = Xo{f + XHuHd) + iiiXdHu + ii2XuHd . (4) 

The gauge and i?-charge assignments are shown in Table. [H The superfields Xd and Xu 
with i?-charge 2 are the mirror partners of the MSSM Higgs fields and Hd-, with the 
supersymmetric masses ni and /i2, respectively: The SU{2) x U{1) singlet field Xq also has 
i?-charge 2. The dimension two parameter / is the source of the visible SUSY breaking 
while the dimensionless coupling A plays important roles not only for triggering the EWSB 
but also for generating the quartic couphng of the MSSM Higgs scalars. 
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TABLE I. The charge assignment of the Higgs and lepton fields under the EW symmetry and 
U{1)r symmetry. The i?-charges are those for left-handed chiral superfields. The MSSM Higgs 
doublets are i?-neutral while their i?-partners and the singlet Xq have i?-charge +2. All the quarks 
and leptons have i?-charge +1, except that the right-handed neutrinos have -R-charge —1. The 
implications of this flipped assignment will be discussed in Sec. IIIII Note also that the adjoint 
chiral multplets Aa are -R- neutral so that their fermionic components have -R-charge —1. 

With the i?-symmetric superpotential (jl]), supersymmetry is spontaneously broken in 
accordance with the general argument|f|. Moreover, such visible SUSY breaking triggers the 
correct EWSB if the coupling A is sufficiently large. A possible origin of the dimensionful 
parameters / and /ii^2 was suggested in Ref. Here we just assume that the scale of these 
parameters is around the weak scale; we will take /i„ ^ = 300 GeV in our analysis in the next 
section. 

We note that the adjoint chiral multiplets Aa=2,i of SU{2) x f/(l) can have a U{1)r- 
symmetric superpotential interactions with the Higgs fields Hu,d and X^^u- For simplicity, 
however, we do not include them in our analysis. More importantly, we do not include the 
following mixing term between the singlet Xq and the U{1)y "adjoint" multiplet Ai. 

H^mix = I^oXqAi . (5) 

This term is very dangerous since it could cancel, if present, the linear term in the super- 
potential dl]). The absence of such term can be justified if f/(l)y is embedded into a simple 
gauge group at high energy. See Ref. j^l for a similar discussion about the absence of the 
kinetic mixing of the hidden U{1)' and U{1)y- 



B. Minimal C/(l)ij Symmetry Breaking 

Next we discuss U{1)r symmetry breaking. Once the model is coupled to supergravity, 
the U{1)r symmetry is necessarily broken in order that the cosmological constant can be 
adjusted to zero. Our basic assumption here is that such breaking of R symmetry is mediated 
to the visible sector in a minimal way; under such assumption of "minimal i?-breaking 
mediation" , the interaction Lagrangian is given bjfl 



-eff 



(fe (jy^W + H.c. , = 1 + e'^m^,2 , (6) 



There exists no supersymmetric vaeuum when the number of the fields with i?-charge 2 is larger than 

the number of the fields with i?-ehargc 0. See Ref. [l3| and references therein. 
^ Here we took a modified gauge fixing of Ref. [15[ . 
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where is the so-called conformal compensator and 7713/2 is the mass of the gravitino. The 
conformal compensator can be absorbed by rescaling the chiral superfields, 0$j — $i, 
where $j represents all the chiral superfields in the theory. Classically such rescaling has 
no effect on cubic terms in superpotential, whereas terms of dimensions less than four are 
affected. In the present case, the interaction Lagrangian takes the form 

£eff = Jd'eW + m3/2G($,) + H.c. , (7) 
G{^i) = 2/Xo + fiiX^H^ + fi2X^Hd , (8) 

where the fields in G($j) are the scalar components of the corresponding superfields = 
Hu, Xu, Xd or Xq. Terms proportional to the gravitino mass represent i?-breaking in- 
teractions, and are small if the gravitino mass is small; we assume throughout the present 
paper that the gravitino mass is much smaller than the weak scale. As we will see shortly, 
however, these interactions induce a slight shift of the vacuum since they contain a tadpole 
term of Xq and also those of Xu^ after the EWSB. Such shift of the VEVs will play impor- 
tant roles when we discuss the generation of Dirac neutrino masses (in §IIip and properties 
of the pseudo goldstino (in §IV|) . 



C. The EWSB Vacuum 



We now analyze the scalar potential in order to find the shift of the VEVs induced by 
the i?-breaking effects. Here we assume that the Kahler potential is canonical. The scalar 
potential involving the neutral Higgs fields H^^ and their mirror partners X^^^ and the 
singlet Xo is given by 

V($„<l>l) = Vo(<f.,$I)-{m3/2G(<l>,) + H.c.} , (9) 
with the i?-symmetric part Vq given by 

^0 = I / - ^H^H^ I + I ^XqH^ - fiiX^ I + I XXqH'^ + fi2X^ I 



+ ml^ \Hl\; + ml^ \H',\' - [bHlH^, + h.c) 
+ m% |Xo 1^ + I X° I ' + \ X° | ^ (10) 

The first and the second lines represent the F-term and the D-term potentials, respectively^] 
The coupling constant is gl + g"^ where gi and g2 are the gauge coupling constants of U (1) 
and SU{2) symmetries, respectively. The remaining are soft SUSY breaking terms except 
that the masses of the MSSM Higgs fields, fn|^^ and fn'^^, are the sums of soft masses and 
the supersymmetric masses. We suppose that these soft terms are induced radiatively from 



^ As noted in Ref. [2j the SU{2) x [/(I) D-terms are absent in the supcrsoft limit. If the adjoint scalars 
get soft scalar masses through i?-invariant mediation of SUSY breaking, then D terms does not decouple 
completely. Our results in the present paper arc not affected whether the I?-tcrms decouple or not. 
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the supersoft operators, or mediated from the hidden sector in an i?-invariant way. We also 
assume that all dimensionful parameters are around or just above the weak scale whereas 
the gravitino mass is much smaller. In the following, we consider the case in which and 
m'jf- ^ are positive so that Xq and Xu,d do not develop VEVs in the i?-symmetric limit. 
The vacuum with EWSB can be found by solving the stationary conditions 

We solve these equations perturbatively with respect to a small gravitino mass. In the R- 
symmetric limit, i.e., 7713/2 0, the solution was given in Ref. which we denote by ($j)o- 
Note that the unbroken U{1)r symmetry implies (^o)o = (^m)o ~ {-^<i)o = 0. 
Now, with the /^-breaking terms, the solution to Eq. (fTTl) takes the form 

= (<l>,)o + fi:im3/2 + C(m2/2) , (12) 

where the coefficient Kj is found to be 

_i dG 



<f=(*>o 

Explicitly we obtain, for the -R-charged Higgs fields. 



(13) 



2/ 

/yO\_ /iiwsin/3 

^""-^ - m^„ + /.i-(m|/2)cos2/3 "^^/^ ' ^''^ 

where m| = (gf + g"^) is the Z boson massj^ We see that the VEV of Xq is proportional 
to / that represents the scale of the visible SUSY breaking, while the VEVs of Xu^^ are pro- 
portional to their supersymmetric masses and their partner's VEVs. These proportionality 
can be understood if one notices that replacing the Higgs fields by their VEVs in Eq. ([8]) 
generates the tadpole term for each of XQ^u,d, 

G{Xo, Xl X°) = 2/Xo + /ii {Hi) - /i2 (i/°> X° . (17) 

Of course, the VEVs of these i?-charged fields are all proportional to the gravitino mas^ 
which parameterizes the t/(l)/j-symmetry breaking. 



^ Note that the VEVs of the MSSM Higgs fields also receive 0{rn^/2) shifts, which are negligibly small for 
a small gravitino mass. 

^ Precisely speaking, the VEVs (Xo,u.d) have i?-charge +2 and should be proportional to rnt^^^ since one 
can regard the gravitino mass as having i?-charge —2 in the sense of spurion analysis. 
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III. NEUTRINO MASS AND PROTON DECAY IN FLIPPED U{1)r MODEL 



In this section, we show that the neutrinos can acquire tiny masses via the supergravity- 
induced effect of [/(l)/j-symmetry breaking. We introduce three right-handed neutrino mul- 
tiplets iVf [i = 1,2,3) and assign the -R-charge —1 to them as shown in Table. [H That is, 
we flip the i?-charge of the right-handed neutrinos. Under this flipped assignment, we first 
argue that the neutrinos can be Dirac particles, and that the smallness of neutrino masses 
are related to the smallness of f/(l)/j-symmetry breaking parameterized by the gravitino 
mass. Then, we discuss the proton decay induced by a new type of dimension five operator 
involving the right-handed neutrinos. 



A. Neutrino Mass in Flipped U{1)r Model 

Under our flipped U{1)fi assignment, the right-handed neutrino can have a Yukawa- 
type interaction with the mirror Higgs field instead of the MSSM Higgs H^- At the 
renormalizable level the matter superpotential is given by 

W = y'^Q^U'^^H^ + y%Q,D'rH, + y'iE^L.H, + y%N^L,X^ , (18) 

where yu,D,E,N are 3x3 Yukawa coupling matrices. 

The Majorana mass term for the right-handed neutrinos is forbidden by our i?-charge 
assignment. The symmetry allows the Weinberg operator 

W^L=2 = - {L,H^) {L,H^) , (19) 

Acutoff 

which gives a sub-dominant contribution to the neutrino mass matrix if we assume the cutoff 
Acutoff to be larger than 10^^-10^^ GeV. Therefore the neutrinos are almost Dirac particles 
in our model. 

By replacing the mirror Higgs field with its VEV ( !T6|) . we obtain the Dirac mass term 
for neutrinos as 

Cmass = -m,u%iyL + B.c. , = y%{Xl) . (20) 

Since we are most interested in the heaviest neutrino, we will suppress the flavor indices 
hereafter and denote the heaviest eigenvalue and the corresponding Yukawa coupling by 
and yv, respectively. With this understanding, we write 

— /i2f cos (3 



my = yy{X^) = yymy2 



m 



2 _L ,,2 



fil - (m|/2)cos2/3 



(21) 



A notable feature in the present model is that the size of the neutrino mass is set by that 
of the gravitino mass 7723/2 when all other dimensionful parameters are of the same order. 
Accordingly the neutrino Yukawa coupling can be of (9(1) if the gravitino is as light as 10 eV. 
In fact, as we mensioned in Eq. ([1]), the mass of the gravitino is constrained cosmologically; 

m3/2 < 16 eV , 10 keV < 7713/2 . 
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200 400 600 800 1000 " ™ <™ 600 800 1000 

M2 [GeV] M2 [GeV] 

FIG. 1. Left: The heaviest neutrino mass as a function of the Higgsino mass parameter /Z2, with 
mx^ = 250 GeV (Left) and 500 GeV (Right). In each figure, the sohd and dotted hues correspond 
to the case with and without the D-term contribution in the denominator in Eq. (j2ip . Three hnes 
correspond to tan /3 = 3 (top), tan/3 = 5 (middle), and tan/3 = 10 (bottom), respectively. 



In the case of lighter gravitino, a tiny neutrino mass can be obtained with a large Yukawa 
coupling. Even in the case of heavier gravitino, the neutrino Yukawa can be comparable to 
the electron Yukawa. 

Fig. [1] shows how the generated neutrino mass depends on the Higgs mass parameters, 
for a fixed value of 7713/2 = 10 eV and y^, = 0.1. We see that the neutrino mass is maximized 
for /X2 ~ ^Xu- We also note that the D-term contribution in the denominator in Eq. (!2T|l 
can safely be neglected when the Higgs mass parameters are larger than mz- Accordingly 
the neutrino mass is proportional to cos /3 instead of sin /3. 

Some remarks are in order. First, our [/(l)ij-charge assignment does not induce the 
mixed anomalies with the SM gauge groups since the right-handed neutrinos are SM singlets. 
U{1)r anomalies can be canceled by introducing other singlets with positive t/(l)i?-charges, 
without changing our results below. Second, our model can be regarded as a realization 
of "neutrinophilic Higgs" idea: the original idea was proposed in non-SUSY context in 



Ref. 19, 2d 



Refs. lo, 17 1 in which a softly broken Z2 symmetry is the source of the tiny VEV. See 
also Ref. [l8|] for a softly broken global U{1) case. Quantum stability was discussed in 
The point in our model is that the size of the "neutrinophilic" Higgs VEV 



is related to that of the gravitino mass, and we can address its implications in cosmology 
and Higgs phenomenology, in addition to the proton stability as we shall discuss shortly. 
We also note that many other topics were discussed in literature, such as muon g — 2 and 



lepton flavor violations 171. Ilq, low-scale leptogenesis 2l[|. dark matter and cosmology 22 



dark energy 23|, and supernova neutrinos 2J]: In particular, Ref. 25|] claimed that the size 
of neutrino Yukawa couplings are severely constrained from the observations of supernova 
neutrinos as well as CMB radiations, if the neutrinophilic Higgs scalar is en extremely light. 
This constraint does not apply here since the corresponding scalar is heavy enough. 
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FIG. 2. Left: A diagram with neutral higgsino dressing gives the dominant mode p ^ v + . 
Right: Charged higgsino dressing diagrams give sub-dominant modes p — >• + vr'^ {£ = e,fi). For 
the latter, the diagrams with a sbottom bji in the loop also give a comparable contribution. 



B. Proton Decay in Flipped U{1)r Model 



Originally, a nice feature of U{l)ii symmetry is that it explains proton stability naturally: 
the dangerous baryon and lepton number violating operators are forbidden if we assign R- 
charge +1 to all the quark and lepton superfields and -R-charge to the Higgses. This nice 
property is not modified when we introduce the i?-partner Higgses XQ^u,d with R = 2 and 
the i?-partner gauginos with R = 0. In our assignment, however, we flip the i?-charge of the 
right-handed neutrinos A^^ to be —1, which may spoil the proton stability. 

An operator analysis presented in Appendix Rl shows that there is a unique dimension-five 
operator that can lead to the proton decay. 



W,n = - -^U^DpiN^ , (22) 



where Acutofr is a cutoff scale and (7*-^^^ is a dimensionless coefficient. In this subsection we 
will give a rough estimate of the proton lifetime. To simplify the expressions, we will work 
in a flavor basis in which the Yukawa couplings of up-type quarks and charged leptons are 
diagonal; we also define Cg"' to be the coefficient of the i-th. mass eigenstate of neutrinos. 

With the dimension five operator ( 122|) . the proton decay occurs via the processes depicted 
in Fig. 121 the one with neutral Higgsino dressing and the other with charged Higgsino 
dressing. Remarkably, diagrams involving the top Yukawa coupling are absent because 
the fiHuHd term is absent in the ?7(1)r- symmetric limit, or is extremely suppressed as is 
proportional to the tiny VEV ( |T4l) . Instead, we have potentially large contributions involving 
a large neutrino Yukawa coupling y^, of the heaviest neutrino u^. 

The partial rate for a proton decaying into a meson M and a lepton £ takes the fornix 



r(p^M + 0^^^1-^j . (23) 



2 



Here Mm and /m are the mass and the decay constant of the meson M, respectively. 
The dimensionful constant ap is defined through {0\eabc{dfiU^p()u'i\0) = apNi where a, 6, 
c are color indices and is the wavefunction of left-handed proton. We use the value 



For long distance effects of RRRR-type operator, see Ref. 26 1 
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- 0.015 GeV^ m in our calculation. The amplitude A corresponding to each diagram 



in Fig. [2] is given respectively by 

Ap ^ K^-s) = ^ ^ff^ , (24) 

where and Kifc are mixing matrix elements, and mgoft is a typical mass scale of the 
particles propagating in the loop. We see that the latter diagrams with charged higgsino 
dressing are suppressed by the CKM matrix element e = Vus = 0.22, because i/s ~ yb^'^ 
and HbVub ~ VsVus ~ Vb^^- Therefore the dominant decay mode is p — j- + u. Using the 
simplified expression of the neutrino Yukawal^ 

we find the partial decay width into a kaon and an anti-neutrino is given by 

' 327r^ m2 ; /I- (^levr^msMcutoJ ^^cos^Z? V <ft )' ^ ' 

where we denote Cg^^^ simply by C5. 

Numerically the lifetime of proton can be estimated as 

_ 5.65X lO^Syr ( Ae.toff (m^/2\^ f co^V 

CI V2-4X lOiSGevj \lOeVJ \ O.l J ' ^ 

where we took the following values of parameters: 



(29) 



The present lower bound on the proton lifetime is 2.3 x 10'^'^ yr (90%CL) obtained for 
p — )■ K'^ + u mode 28]. By comparing the bound with the result, we obtain the constrain^ 



"^soft 


= 1.5 TeV , 


1^2 -- 


= mx^ = 300 GeV , 


tan/3 = 3 , 


nip 


= 1.0 GeV , 


Olp 


= - 0.015 GeV^ , 




mK+ 


= 0.5 GeV , 


fK 


= 0.13 GeV , 




rris 


= 0.1 GeV , 


my 


= 0.1 eV . 





Fig. [3] shows the constraint from proton stability as a function of the gravitino mass. The 
constraint is most severe for a small gravitino mass: If the gravitino is as light as 0{eV), 



^ Here we have neglected the mild tan /3 dependence in the denominator in Eq. (|2ip to simplify the 
expression. We used Eq. (j2ip in our numerical calculation. 

This applies only for Acutoff ^ 10^"^ GeV; otherwise, the operators (IT^ can not be neglected anymore. 
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logio'Ti3/2 [eV] logiom3/2 [eV] 

FIG. 3. Constraints from proton stability as a function of the gravitino mass. Left: the constraint 
on logxo Acutoff fixed couphng C5 = 1. Right: the constraint on log^Q IC5I for AcutofT = -^pl- 

We took tan/3 = 3, fi2 = 300 GeV, mx^ = 300 GeV, and niq = 1.5 TeV. The figures correspond 
to the neutrino mass iTii, = 0.1 eV. The gray regions are excluded by the proton decay while the 
yellow bands are disfavored cosmologically. 



the coefficient C5 need to be a few order of magnitudes smaller than 1 even when the cutoff 
AcutofT is equal to the reduced Planck scale Mp\. The constraint becomes milder for a larger 
gravitino mass. This can be understood from Eq. ( 12T|) : For a fixed neutrino mass, a larger 
gravitino mass implies a smaller neutrino Yukawa coupling, suppressing the proton decay. 
We thus find that the constraint can be satisfied for the gravitino mass larger than 10 keV, 
which is also viable cosmologically as in seen in Eq. ([1]). 

Notice, however, that the constraint becomes severe for a large tan/3: The lifetime is 
proportional to cos^/3 up to a possible mild dependence in the denominator in Eq. ( 12T|) . 
This is because the X° tadpole is proportional to the and because the decay amplitude 
involves a down-type Yukawa coupling. Consequently, for tan/3 = 10, the proton stability 
against the dimension five operator f l22|) requires that the gravitino mass should be larger 
than 0(100 keV). In this case, the neutrino Yukawa coupling y,^ is comparable to the electron 
Yukawa. 

The above results should be compared with the MSSM case in which the proton decay is 
induced by the dimension five operators 

AWmssm = - TTT^ QQQL - W'U'D'E' . (31) 

^^i-cutofr ^^cutoff 

In the MSSM, the dominant contribution comes from the LLLL operator, and the coefficient 
should be very suppressed, \Cl\ < 10^^ for Acutofi = ^pi- Moreover, the RRRR operator 
should also be suppressed because it can involve the top Yukawa coupling when dressed with 
a charged Higgsino loop. In our case, the LLLL operator is absent due to the i?-symmetry, 
and with our RRRR operator, chargino loop diagrams in Fig. [2] involve a down-type Yukawa 
coupling. Us or ybVcb, instead of top Yukawa. As a consequence, the RRRR contribution in 
the ffipped U{1)r model is a couple of order smaller than that in the MSSM. 

In this way, our flipped f/(l)_R assignment can explain the smallness of neutrino masses 
with relatively large Yukawa couplings and without spoiling the proton stability so much. 
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The latter is certainly true for small tan /3: for larger tan /3, on the other hand, there is a 
tension between our mechanism for neutrino masses and the proton stability. 

We note that such tension can be relaxed if we combine the idea of flavor symmetries with 
the present model. In Appendix [B| we give an illustrative example of U{1) flavor symmetry, 



along the line if Ref. 29|, and show that a proper U{1) charge assignment for generating 



the Yukawa hierarchy can guarantee the proton stability as well. 



IV. MASS AND MIXING OF PSEUDO GOLDSTINO 



We now turn to another effect of i?-symmetry breaking in our t/(l)j:j-symmetric model. 
When supersymmetry is broken in two independent sectors, there appear two Goldstine 



fermions After coupling to supergravity, one linear combination of these goldstinos 

becomes the longitudinal components of the massive gravitino, and the other is a pseudo 
goldstino state, which we denote by (. The mass of such pseudo goldstino has been studied 



in literature 



In our case, supersymmetry is broken in the visible sector as well as in a hidden sector. 
For our purpose, we do not need to specify its precise form of the hidden sector, but we 
just assume that the supersymmetry breaking is hierarchical; the SUSY breaking scale in 
the hidden sector is much larger than that in the visible sector. We then expect that the 
physical pseudo goldstino state ( resides dominantly in the visible sector. In the limit 
A — )> 0, in which the EWSB is switched off, the would-be goldstino in the visible sector is the 
singlino Xq, the fermionic component of the singlet Xq, since the visible SUSY breaking is 
triggered by its linear term in the superpotential (|4]). Therefore we first discuss the mass of 
Xq fermion, and then calculate the full neutralino mass matrix and its smallest eigenvalue 
and the eigenvector. 



A. Mass of Singlet Fermion from U{1)r Breaking 

The mass term of the singlet fermion Xq can be generated from the contact term in the 
Kahler potential of Xq. For definiteness, let us consider the following Kahler potential 

KiXQ, Xt) = XqX^q - ^(^0^0^)' , (32) 

where Aq is the cutoff scale at which the contact term is generated. The relevant terms in 
the Lagrangian containing the Xq supermultiplet are given by 

£xo = K^.^^fIFx, - ml^XlXQ - \' {\hX + \H/) X^Xq 

+ {^^o|^ - I^Xo^oXq + H.c.j + {2fmy,XQ + H.c.} , (33) 
where the (Majorana) mass of the would-be goldstino Xq is found to be 

= - ^ (/ d'e^xlxl"^ = (Xo)^ . (34) 
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Note that this expectation value can be non- vanishing only in the presence of the f/(l)_R 
breaking, the last term in the Lagrangian ( 133|) . To compute it, we use the equations of 
motion to get 

Here in the first equation, we have used the fact that the Kahler metric is almost canonical 
since |(Xo)| ^ Aq. In the second equation, we note that the previous result ffT^ is slightly 
modified by the soft scalar mass Snixf^ due to the contact term in Eq. fl5^ . 

= ^ I/- At;2sin/3cos/3|' . (37) 



By plugging the VEVs of Xq and Fxq into the expression (!34|) . we thus find that the Xq 
fermion mass is proportional to the gravitino mass as 



_ _ / (/ — ^ sin /3 cos /3) 



The result (138|) is consistent with the general assertion [ll| that the pseudo goldstino 
mass is twice the gravitino mass in the "sequestered" limit. This can be seen as follows: If 
the soft mass of Xq is zero, — )■ 0, and if the Higgs sector decouples from the visible 
SUSY breaking, A — )■ 0, we have 5m\^^ — )■ /^/Aq, and hence, 

Zi — ^ 1 . (39) 

Otherwise, the pseudo goldstino mass is suppressed by a factor Zi, which is roughly of order 
f / A.^, in accordance with the general argument jsj. For instance, for a moderate choice of 
parameters / ~ (10^ GeV)^ and Aq ~ 10'' GeV, the mass of the pseudo goldstino is smaller 
than (9(10 eV) even if the gravitino is as heavy as 7713/2 ~ GeV. 



B. Neutralino Mass Matrix with Dirac Gaugino 

Now we consider the neutralino mass matrix which incorporates the pseudo goldstino. In 
this subsection, let us denote by xb and xw the Dirac partner of the bino B and the wino 
W, respectively. The Dirac mass terms for SU2) x f/(l) gauginos are 

>Cgaugino = - m^XBB - m^xwW + H.c. . (40) 
Then, in a basis given by 

^^={XB Xw^ B I #0 Hi XI I Xo ) , (41) 
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the neutralino mass matrix takes the form 



M 



N 
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bmz 


amy 


7 / 

omy 







n 
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n 
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n 
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cmz 


dmz 


c'my 


d'my 


n 
u 








amz 


cmz 





-Xvq 





+1^2 


-Xvu 








bniz 


dniz 







-fii 





-Xvd 








a'my 


c'my 





-/ii 

















h'my 


d'mv 






























-Xvd 








m^ 



(42) 



where mj^ = 2m3/2^i, and we have defined (X^) = vq and 



9l 



[x'd)\'+\{x:)\ 



tan 7 



(X'd) 



(43) 



We have also used the following abbreviations: with 6\y being the weak mixing angle, 



U = 




COS 9w 
- sin 9w 



cos (3 — sin /3 



(44) 



where {H^) = vcosP and (-f^^) = wsin/3: the primed quantities are obtained by replacing /3 
with the angle 7 defined above. 

The mass eigenvalue Qd can be found by solving the characteristic equation 



= det (A^^ - fiiji) = detM - detA^ ^Tr 



+ 



(45) 



where the dots represents terms higher order in Q^- The first and the second terms are 
calculated to be 



detA^^ = 2Zim-ii2li\^i\m'^~m 



B w 



detAl^Tr[A^^i 



[/ii/i2 + (/ii sin^ /3 + /i2 cos^ /?)] 



(46) 
(47) 



up to 0(7713^2) si-nd 0(7713/2), respectively. The lowest eigenvalue, which we identify with the 
pseudo goldstino mass m^, can be calculated by keeping only the first two terms in Eq. 

?7l^ = 2m3/22:iZ2 , 

where the suppression factor Zi is given in Eq. fl5S]) and 

X^v"^ sin^ /3 X^v"^ cos^ /3 



(48) 



^2 



1 + 



(49) 



We see that the mass of the true pseudo goldstino is suppressed by a factor Z1Z2. We note 
that the lightness of the pseudo goldstino will be protected against quantum corrections by 
the U{l)ji symmetry in the visible sector, as long as Dirac nature of the gauginos is kept. 
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The corresponding eigenvector can be found perturbatively in i?-breaking effects. By 



writing = \1/ 



(0) 



, we find 



(0)T 



(1)T 



'Z2 




















The two component vectors ("^ ? Cx given respectively by 



+ 



Xvcg 



"^3/2 



sin 9w 



A}) 




where the dimensionless factor is defined by 

At' \ m, 

fi2 /i?y 7713/2 



Z^ 



'Xv 



C 



+ At' 



SpS^ Cj^C^ \ 77lv 



/i2 



+ 



(50) 



(51) 



(52) 



We see that at the leading order, only the xinos X^^ can mix with the would-be goldstino 
Xq because of the U{1)r charge conservation; at the next order, the Xq mixes with the 
fermions with R = —1, that is, the higgsinos and the gaugino Dirac partners Xb,w, 
since the gravitino mass 777,3/2 has R = — 2 in the sense of spurion. 

In the sequestered limit, we have — 1, ^2 ^ 1 and Z3 — )■ 0, so that the eigenvalue 
and the eigenvector reduce to 



2m 



3/2 



1 



(53) 



as is expected. In other cases, the mass eigenvalue is much suppressed, and hence, the 
higgsino component Qg is more suppressed than that of the gaugino Dirac partner, Q : 



51) 



V"^weak/ ^ 



(54) 



C. Implications on Higgs Phenomenology and Cosmology 

Let us briefly discuss implications on the Higgs phenomenology and cosmology. 

First, the invisible decay width of the 125 GeV Higgs into a pair of the pseudo goldstinos is 
highly suppressed due to the approximate i?-symmetry. This is because fields with i?-charge 
assignment other than +1 contain a small goldstino component with suppression factor 
m2/3/mweak- The Higgs decay into a pseudo goldstino and other neutralino is kinematically 
forbidden if the neutralino other than the pseudo goldstino are heavier than the lightest 
Higgs boson. 

The second remark is concerned with the invisible cascade decay of the 125 GeV Higgs. If 
the scalar partner of the pseudo goldstino is so light that the decay mode of the Higgs into 
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a pair of is kinematically allowed, the cascade decay into gravitinos and pseudo goldstinos 
hP ^ (j)(j) ^ C,GC,G dominates almost entire Higgs decay channel [gI, which contradicts with 



recent LHC discovery 30|]. In our case, the scalar goldstino receives a mass X^v"^ from 
the visible sector SUSY breaking, in addition to the hidden-sector soft mass. Therefore, the 
invisible cascade decay of the Higgs is kinematically forbidden, if we assume A > 0.36, or if 
the scalar pseudo goldstino has a soft mass larger than the half the Higgs mass. 

Next we briefly discuss the cosmological constraints on the present model. Since we 
are supposing the low-scale SUSY breaking in the visible sector, the lightest observable- 
sector supersymmetric particle (LOSP) mainly decays into a pseu do g oldstino rather than 
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a gravitino. This fact helps us avoid the constraint from the BBN 

We should still worry about the overproduction problem, both for the gravitino and the 
pseudo goldstino. Let us first discuss the gravitino case. If gravitinos are thermally produced 
in the early Universe, the estimated abundance easily exceeds the limit VLh? < 0.1 for the 



gravitino heavier than 0(100 eV). On the other hand, if gravitinos are not thermalized [31 
the overproduction excludes the mass smaller than lOkeV, whereas the gravitino heavier 
than (9(10 keV) can evade the overproduction if the reheating temperature is sufficiently 
Moreover, for the mass smaller than (9(100 eV), the allowed region is much reduced 
to m3/2 < 16 eV due to a warm dark matter constraint jisi, 34|- Putting it all together, we 
must assume that the gravitino mass satisfies either 7713/2 ^16 eV or 10 keV < 7713/2, as was 
announced in Eq. ([T]) 

In contrast, the pseudo goldstino couples a bit strongly to the MSSM particles and is 
expected to be thermalized. Recalling that its mass 777^ is much suppressed compared to the 
gravitino mass 7773/2 as in Eq. (!38|) . the pseudo goldstino will be lighter than 16 eV for the 
gravitino mass 7773/2 > lOkeV; depending on the suppression factor Zi, it may be possible 
that the pseudo goldstino evades the overclosure problem even when the gravitino mass is 
as large as 0(10 MeV). If so, the pseudo goldstino can give only a small contribution to the 
relic density. 

In the present model, the lightest supersymmetric particle (LSP) is the pseudo goldstino 
whereas the next-to-LSP (NLSP) is the gravitino, which can decay into a photon and a 
pseudo goldstino. In this situation, we should also be careful about the constraints from 
the gamma-ray line search from the Galactic Center region and the overproduction of the 



isotropic diffuse photon background; there is a stringent limit [35[ on mono-energetic pho- 
tons emitted from decaying particles. In our case, we expect that such decay of the gravitino 
is very suppressed since the pseudo goldstino mass eigenstate has very small gaugino and 
higgsino components. If this is really the case, the gravitino is sufficiently long-lived and 
the present model can evade the constraint from diffuse gamma-ray line search. A pre- 
liminary consideration shows that only the gravitino heavier than (9(100 MeV) would be 
excluded even if the mixing between the photino and the pseudo goldstino is of order of 

(9(r?73/2/77l^cak)- 
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If the reheating temperature is low, the thermal leptogenesis is difficult to be achieved. A possibility of 



electroweak baryogcncsis in i?-symnietric models as was recently discussed in Ref. 32 1. 
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V. CONCLUSION AND DISCUSSION 



We have studied the Ur{1) symmetric extension of SUSY standard model which contains 
Dirac gauginos and extended Higgs sector, assuming that the Dirac gaugino masses are 
induced from hidden sector SUSY breaking while the extended Higgs sector incorporates 
the visible SUSY breaking. The U{1)fi symmetry in the visible sector is broken solely by 
the minimal coupling to supergravity, so that U{1)r breaking effects are proportional to the 
gravitino mass. After the EWSB, the -R-charged Higgs fields develop nonzero VEVs due 
to the tadpole terms induced from the U{1)r breaking. The VEVs are proportional to the 
gravitino mass and hence can be very small when the gravitino mass is much smaller than 
the weak scale. 

We have then shown the generation of small neutrino masses through the f/(l)_R breaking 
effects. With our flipped U{1)r charge assignment, the right-handed neutrinos couple to the 
i?-partner Higgs field A„ that develops the very small VEV. Therefore the small neutrino 
masses can naturally be obtained even if the neutrino Yukawa couplings are of order unity, 
provided that the gravitino mass is as low as 1 — 10 eV. We have also examined how our 
generation mechanism of neutrino mass is constrained from the proton decay induced by the 
dimension five operator, U'^D'^D'^N'^, allowed by our U{1)r charge assignment. Interestingly, 
the amplitude for the dominant decay mode involves the neutrino Yukawa coupling, instead 
of the top Yukawa. Therefore the constraint from proton stability is severer for a larger 
neutrino Yukawa coupling, which implies a small gravitino mass for a fixed neutrino mass. 
We have estimated the lifetime of protons and found that the gravitino should be heavier 
than 1 keV if we require the coefficient C5 of the dimension five operator to be of order 
unity and the cutoff Acutoff to be the Planck scale. Actually, the gravitino mass between 
10 eV < 1713/2 < lOkeV is cosmologically excluded [33|, l34, l36| , and hence our model for the 
neutrino mass generation evade the constraint from proton decay and is cosmologically safe 
if gravitino is as heavy as 10 — 100 keV. We have also suggested how the constraint from 
the proton stability can be relaxed if we adopt the U{1) flavor symmetry for generating the 
hierarchical structure of Yukawa matrices. 

Another significant effect of the U{1)r breaking is the mass and the mixing of the pseudo 
goldstino, which is Nambu-Goldstone fermion of the visible SUSY breaking and is massless in 
the U{1)r symmetric limit. We have analyzed the neutralino mass matrix that incorporates 
the Dirac mass parameters of gauginos and higgsinos, and obtained to the lowest order 
in i?-breaking the smallest mass eigenvalue and the corresponding mixing angles to other 
neutralinos. According to the general argument, the mass of the pseudo goldstino in the 
sequestered limit is twice the gravitino mass. In our case, the pseudo goldstino has a coupling 
to the Higgs fields, and consequently, its mass is proportional to but suppressed from the 
gravitino mass. In our concrete calculation, in which the pseudo goldstino gets a mass from 
the contact term in the Kahler potential, the suppression factor is very small if the cutoff 
scale Aq of the contact term is much larger than the weak scale. For the mixings, we have 
found that the pseudo goldstino have suppressed contaminations of gauginos and higgsinos. 

As we mentioned above, the gravitino as heavy as 100 keV is cosmologically safe and 
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also satisfies the proton stability. In this case, the gravitino is the NLSP while the LSP 
is the pseudo goldstino, which can be as light as 10 eV, or even much lighter. It is then 
tempting to speculate that the gravitino could be a part of cold dark matter, and that 
the pseudo goldstino could play a role of dark radiation. To examine such possibilities, we 
should investigate the properties of the pseudo goldstino more extensively, for instance, by 
including the anomaly mediated gaugino masses and other quantum corrections to the mass 
matrix. This will be important also for a quantitative study of diffuse gamma-ray line. 

Although we have focused in the present work on the constraints from the proton sta- 
bility and also on some cosmological ones, there remain many issues to be discussed: the 
constraints from EW precision measurements and an implementation of the 125 GeV Higgs 
should be examined more intensively: phenomenological impacts of large neutrino Yukawa 
couplings as in other "neutrinophilic" models may deserve further study in our U{1)r sym- 
metric model. The assumptions behind our present setup should also be elucidated: a partial 
list includes the origin of the hidden sector SUSY breaking, the UV completion of the visible 
SUSY breaking sector and the embedding into a semi-simple gauge group. In particular, 
the smallness of the gravitino mass should be examined in a consistent framework, although 
we have treated it simply as a free parameter. In this respect, it may be possible that the 
smallness of gravitino mass as well as the absence of certain operators can be explained in 
the (warped) extra-dimensional setup along the line of Ref. 371 . 
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Appendix A: Baryon and Lepton Number Violating Operators 

In this appendix, we systematically study baryon and/or lepton number violating oper- 
ators allowed by the gauge and f/(l)H symmetries of the present model. 

We first categorize the fields with the same gauge quantum numbers as follows: 

S G {Xo, N''} , G {Hu, X4 , G {Hd, X^, L} . (Al) 

The operators allowed by the gauge symmetries can be classified according to their mass 
dimensions as 

W2 = S , (A2) 



20 



SW2 + ^u^d , 

+ ($A)($.$d) + (gg)f/^/^'= , 



(A3) 
(A4) 



(A5) 



where we suppress coefficients and flavor indices for simplicity. We also omit operators 
involving the adjoint chiral fields since they have no effect on proton decay. 

It is straightforward to see that all of the operators violating either the baryon or lepton 
number in W21 and W4 are forbidden by the i?-symmetry: this includes the usual trilinear 
terms, U'^D'^D'^, QD'^L, LE'^L, and the bilinear terms HuL. We also note that the mass terms 
XqN'^ as well as N^N'^ are forbidden by the U{1)r. Therefore we can define the conserved 
baryon and lepton numbers at the renormalizable level. 

There are three types of dimension five operators that violate both the baryon and lepton 
numbers: {QQ){QL), U'^U'^D'^E'^ and N'^U'^D'^D'^. Among them, the first two are forbidden 
by the f/(l)/j, whereas the last one is U{1)r symmetric in our fiipped assignment. As 
a result, we are left with a unique operator N'^U'^D'^D^, which is the baryon and lepton 
number violating operator in the present model. 

As we mentioned in Sec. IIII Al {LHu){LHu) operators are allowed, but they gives a 
negligible contribution to neutrino masses if the cutoff Acutofr is sufficiently large. We also 
note that there are dimension five operators, X^N'^N'^ and {X^X^jN'^N'^, which are R- 
invariant and lepton number violating. After the -R-Higgses get the VEVs, these operators 
lead to Majorana masses for right-handed neutrinos, of order rriy^/^j which can safely be 
neglected (unless 777.3/2 ~ 100 TeV). 

Appendix B: U{1) Flavor Symmetry and Proton Stability 

As we see in sec JIIIt the model is severely constrained from proton decay if the gravitino 
is very light, 7773/2 < 16 eV, especially for large tan/3. In this appendix, we consider a model 
with Froggatt-Nielsen U{1) fiavor symmetry to relax the constraint. 

Let B be a Froggatt-Nielsen (FN) field with U{1) p charge —1, which is assumed to develop 
a nonzero VEV (6). We also denote the U{1)f charge of the fields $j by the lower case 
letter (p^. The Yukawa terms in Eq. f|T8|) should be multiplied by a suitable power of the 
FN field 0; for instance, the neutrino Yukawa term is generated from the [/(I) ^-invariant 
operator 



where is a coefficient of order 1 and Acutofr is the cutoff. After we substitute the FN 
field by its VEV, we have y% = We will identify e = (6) /Acutos with the 

Wolfenstein parameter e = 0.22. Similarly, we have 







(Bl) 
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The U{1)f charge assignment can be restricted by the following requirements. First, 
from the intergenerational mixings of quarks, Vus ~ £, Vet ~ b"^ and Vub ~ we obtain the 
following relations 

gi = + 3 , g2 = gs + 2 . (B2) 

Next, the quark mass hierarchy can be parameterized as rriu : rric : ~ : : 1 and 
: rris : ~ e'^ : : 1, while the mass hierarchy of charged leptons is mg : : m^- ~ 
: : 1. These mass hierarchies can be reproduced, for instance, if we take 



ul = u^^ + 5 , dl = dl + l , + el = £3 + 6^ + 5 , 

ul = ul^2 , d\=d%, £2 + 62 = 4 + 63 + 2 . (B3) 

The FN charges of the third generation of quarks and leptons can be constrained, if we 
require the top Yukawa coupling of order unity, ?/t ~ 1, and also the bottom-tau unification, 
mft ~ VTLr^ which gives 

gs + «3 + ^« = , + = 63 + 4 , (B4) 

In addition, we require for definiteness that the supersymmetric Higgs mass terms have null 
charge, 

a^d + /i« = , Xu^hd = ^ . (B5) 

Note that the FN charges of and if^ can be chosen independently since there is no yuHyH^ 
term in the present t/(l)_R symmetric model. 

Now, we discuss the suppression of the dimension five operator (1221) by the FN mech- 
anism. The coefficient C5 = Cg^^^ of the operator ViDlD^N^ receives a suppression of 
The FN charge n\ of the right-handed neutrino can be eliminated if we 
use the relation fl26l) 

^ = /^.-^+'^+- = ^ ([i±<A . (B6) 

"^3/2 V fi2VCOSp J 

Combining Eqs. (IB2])-(IB5]) with Eq. (|B6]), we obtain 

C, = C7f e'^f+'^H'^i+n^ = cPe'+<^ ( ^) ( ^i±^) , (B7) 

where 



Q = hd-hu + dl + el~2qs. (B8) 

We see that the coefficient C5 is suppressed for several reasons: the suppression factor 
comes from the FN charges of the 1st and 2nd generations of quarks involved in the proton 
decay. Another factor expresses the dependence on the FN charges of the Higgses and the 
3rd generation of quarks and leptons. For instance, if we assign a negative FN charge to the 
MSSM Higgs Hu, the up-type quarks have positive FN charges, which suppress the dimension 
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logio "i3/2 [eV] 

FIG. 4. The constraint on the FN charge Q. The parameters are the same as in Fig. [3l 



five operator. Notice that this can be done without suppressing the supersymmetric mass 
terms since we can assign the opposite FN charge to the i?-partner X^. 

It should be noticed that there is yet another suppression in Eq. ( IB 71) : the coefficient C5 
is more suppressed for larger gravitino mass. This dependence can be understood as follows. 
Assigning a positive FN charge n'^ > to the right-handed neutrinos suppresses not only 
the coefficient C5 of the dimension five operator but also the neutrino Yukawa coupling y^; 
Uy ~ e"^" and C5 ~ e"'', so that the proton lifetime scales as Tp ~ e'^^" . For a fixed value of 
the neutrino mass, the suppression of the neutrino Yukawa coupling is translated into the 
dependence on 7713/2 in Eq. (lB7p . 

Putting it all together, a similar analysis as in Sec. IIIIBI gives an estimate of the proton 
lifetime as 



3.7 X 10 



34 



yr 



t2Q 



A, 



cutoff 



2.4 X 1018 GeV 



/ "^3/2 y 
VleV/ 



cos^ /3 
0.1 



(B9) 



where we have set the coefficient to be Cf'' = 1. Fig. |4] shows how the constraint from 
the proton decay can be satisfied for a moderate choice of the FN charge Q. We see that 
the proton decay constraint can be satisfied even for 777.3/2 = 1 eV if we take (5 = and 
tan/3 = 3. In this way, the present model combined with the U{1)f flavor symmetry evades 
the proton decay constraint in a wider region of parameter space. 

The situation is quite different from that in the MSSM case 



29|, in which a negative 



FN charge of the Higgses would imply unacceptably small /x term. In fact, the analysis 



in Ref. 29| shows that the FN charge of the /x term, i.e., the sum of the FN charges of 
Hu and iJ^, are tightly constrained since both of LLLL and RRRR operators flHT]) should 
be suppressed simultaneously. In our case, we have only RRRR type operator since LLLL 
operator is forbidden by the U{\)r symmetry. 
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